The analytical method based on the high-per formance liquid chromatography coupled with UV detection (HPLC/ UV) for determination of selected antioxidants (i.e., esculetin, scopoletin, 7-hydroxycoumarine, r utin, xanthotoxin, 5-methoxypsoralen and quercetin) in plant material was developed. Pressurised fluid extraction (PFE) and ultrasonic extraction (USE) methods for the isolation of these compounds from ten real plant samples were used. Both extraction methods were optimised and compared to each other. For the proposed HPLC/UV method the LOQ values (limit of quantification) in the range from 22.7 (xanthotoxin) to 97.2 ng mL -1 (r utin) were obtained. For all extracts the antioxidant capacity based on the reduction of free 2,2-diphenyl-1-picr ylhydrazyl radical (DPPH) was also determined. Results ranged from 82.04 to 94.43% of DPPH radical inhibition for PFE method and from 76.01 to 89.94% in the case of USE method.
Introduction
Antioxidants can protect biomolecules against attacks caused by the free radicals. In general the antioxidants could be divided into two groups -synthetic and natural [1] . The most important groups of natural antioxidants are vitamin E (tocopherols), flavonoids and coumarines. Synthetic antioxidants (e.g., butylated hydroxyanisole -BHA, butylated hydroxytoluene -BHT or tertiary butylhydroquinone -TBHQ) are usually prepared in laboratories and are mostly without any other chemical contamination [2] . Natural antioxidants occur in all higher plants, and in all parts of the plant (wood, bark, stems, pods, leaves, fruit, roots, flowers, pollen, and seeds). Typical compounds that exhibit antioxidant activity include vitamins, carotenoids, and phenolic compounds. Therefore, recommendations have been made to increase the daily intake of fruit and vegetables, which are rich in these nutrients that lower the risk of chronic health problems associated with various diseases [3] .
Free radicals are very reactive compounds formed in the human organism owing to external environment (i.e., smoking, exhaust gases, UV radiation and stress) and also internal environment such as purine metabolism or adrenaline synthesis [4] . The activity of these matters is tied by antioxidants. These compounds decrease the possibility of free radicals creation or could divert these radicals into the less reactive or non-reactive products [5] . Recently, several articles about the role of oxidative stress have been published [6] , and the potential therapeutic role of antioxidants preventing a number of serious diseases such as certain cancers [7] or cardiovascular diseases [8] .
Materials and methods

Reagents and chemicals
Analysed plant samples (i.e., Solidago virgaurea L., Origanum vulgare L., Anthemis nobilis L., Plantago lanceolata L., Valeriana officinalis L., Lavandula spica L., Mentha rotundifolia L., Artemisia vulgaris L., Althaea officinalis L. and Salvia officinalis L.) were purchased from Botanicus Ltd. (Ostrá, Czech Republic). The leaves were separated from the rest of plants and then dried at room temperature and subsequently at 50°C for a 24 hours time period. The dried samples were kept in the dark glass wide-neck bottles at room temperature. Before the proper analysis all samples were pulverised in a mortar to obtain a maximum specific surface.
Standards of esculetin (purity 98%), scopoletin (95%), 7-hydroxycoumarine (99%), rutin (95%), xanthotoxin (99%), 5-methoxypsoralen (98%) and quercetin (99%) were purchased from Sigma-Aldrich (Prague, Czech Republic). Chemical structures of analysed compounds are depicted in Fig. 1 . Standards and their stock solutions at 0.2 mg mL -1 dissolved in ethanol were stored at 4°C. Acetonitrile, methanol, ethanol, acetic acid and DPPH free radical were also purchased from Sigma-Aldrich (Prague, Czech Republic). DPPH radical solution was prepared freshly every day before measurements. All solvents were of HPLC grade.
HPLC/UV system and conditions
The resulting plant extracts were analysed by HPLC/UV method. For this purpose the liquid chromatograph GBC LC 1445 with LC 1150 pump, ERC-3415 degasser, LC 1650 autosampler and LC 1210 UV detector (all from GBC, Australia) were used. The separation was carried out using LiChrospher ® 100 RP-18e (5 μm) column with LiChrospher ® 100 RP-18e (5 μm) guard column in LiChroCart ® 250-4 HPLC-Cartridge implementation (all from Merck, Darmstadt, Germany).
The chromatographic conditions were as follows: mobile phase A -acetonitrile, mobile phase B -water acidified by acetic acid to pH 2.94, gradient was performed at 0-35 minutes from 85 to 25% mobile phase B at flow rate 1 mL min -1 . Injected volume was 20 μL. UV detection was performed from 0-13 min at 335 nm (esculetin, rutin, 7-hydroxycoumarine and scopoletin) and after 13 min at 253 nm (xanthotoxin, 5-methoxypsoralen and quercetin), respectively. The target analytes were identified and quantified using the standard addition method.
Extraction is one of the most important steps in pretreatment for solid and liquid samples. Generally, it is a separation process where the distribution of analyte between two immiscible phases is made in order to appropriate distribution coefficient. Selective separation of the target components from the sample at maximum amount and/or interferences elimination are the main objectives of the extraction processes [9] .
The extraction of antioxidants from plant tissues has been accomplished by traditional extraction processes, such as solid-liquid extraction, using solvents, such as methanol, ethanol and acetone, and also through steam distillation [10] . One of the simplest extraction techniques is the ultrasonic extraction (USE) that is easy to perform in common laboratory equipment (i.e., ultrasonic bath). In this method, the crushed sample is mixed with the suitable solvent and placed into the ultrasonic bath where the working temperature and extraction time are set [11] . The newer modern method for isolation of analytes from solid samples is pressurised fluid extraction (PFE). In this case the extraction process is carried out at higher temperature and higher pressure. Low solvent consumption and short extraction time are the main advantages of this method [12] .
Recently, many methods of chemical and biological analysis allowing the detection of the total antioxidant capacity (TAC) in food samples were developed. These methods are based on different principles and are still modified. Their basic goal is to evaluate the antioxidant (reducing) capacity as the overall property of food in conditions similar to those in the physiological environment. One can use several methods for antioxidant capacity determination such as Trolox equivalent antioxidant capacity (TEAC) using usually 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) radical [13, 14] , ferric reducing antioxidant power (FRAP) using ferric complex reduction [15] or oxygen radical absorbance capacity (ORAC) [16] . The next feasibility is the method using reduction of the free 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical [17] . This method is commonly used for the reference determination of antioxidant capacity and is pretty easy to perform.
The main goals of the present study were to optimise the experimental conditions of pressurised fluid extraction for the determination of herbal antioxidants and to compare the proposed PFE method with the ultrasonic extraction method developed in our previous study [18] . To this purpose the determination of selected antioxidants contents together with the evaluation of appropriate antioxidant capacities obtained by DPPH method for ten different plant samples were used.
HELIOS Gamma UV-Vis spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was used for wavelength evaluation of each antioxidant and for antioxidant capacity determination.
Extraction system and conditions
The apparatus onePSE (Applied Separations, Allentown, PA, USA) was used for the PFE method. The extraction cartridge of appropriate size was filled with glass wool (Supelco, Bellefonte, PA, USA) followed by the sample (ca 1 g) and glass wool again. The remaining free space of the cartridge was filled up with glass beads and put into the heating oven. Extraction was performed at conditions as follows: pressure 10 MPa, temperature 90°C, time 10 min, 2 extraction steps and methanol as extraction solvent. Obtained extracts were filtered through the Target, PTFE 0.45 μm filter (Fisher Scientific, Pardubice, Czech Republic) into the volumetric flask (25 mL), filled up to the mark by the extraction solvent and analysed by HPLC/UV.
Ultrasonic extraction method was carried out in ultrasonic bath SONOREX RK 31 from Bandelin Electronic (Berlin, Germany) equipped with the temperature and time control. All USE extractions were performed according to our previous manuscript [18] . Extraction conditions were as follows: ca 0.75 g of plant sample, 50 mL of the extraction solvent (30% of acetonitrile in water), temperature 25°C for 25 minutes, extracts filtered through the Target, PTFE 0.45 μm filter into the 50 mL volumetric flask and analysed by HPLC/ UV.
Antioxidant capacity determination
For the antioxidant capacity determination the method based on the free DPPH radical was used. To this purpose 1 mL of fresh extract (diluted by methanol in the ratio 1:2) was mixed with 5 mL of freshly prepared DPPH solution at concentration 25 μg mL -1 . After 30 minutes the absorbance was measured at 515 nm according to the Sultana et al. [19] . Inhibition of the free DPPH radical (I [%]) was calculated as follows: 
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Where A blank is the absorbance of control reaction (reagents without tested compound); A sample is the absorbance of the tested compound [20] .
Results and discussion
Before both extraction techniques (i.e., USE and PFE) could be compared to each other in order to analyse antioxidants in plant samples it was necessary to optimise individual extraction parameters. Especially the PFE method optimisation procedure is described in more details. However, the suitable HPLC/UV method should be chosen at first because of the right extract analysis and the correct chromatogram evaluation.
HPLC/UV method selection
First of all, the UV spectra of all target antioxidant standards were measured in the range from 200 to 400 nm in order to find out the suitable wavelengths for their UV detection during the HPLC analysis.
Resulting from these measurements two wavelengths for UV detection of antioxidants (335 nm for esculetin, rutin, 7-hydroxycoumarine and scopoletin and 253 nm for xanthotoxin, 5-methoxypsoralen and quercetin) were selected. At the beginning of the separation the detection wavelength was set up at 335 nm and after 13 min was switched into 253 nm. For identification of individual compounds as well as for their quantification the standard addition method was chosen. HPLC/UV used in this study was based on the method applied in our previous study [18] , but some modifications connected with the column exchange were performed. The chromatographic conditions were changed into those presented in the experimental part, whereas the suitable separation of individual target compounds was obtained. The HPLC/UV chromatogram of standard mixture analysis is presented on the Fig. 2. 
HPLC/UV method validation
For the validation of proposed analytical method the limit of detection (LOD), the limit quantification (LOQ), the precision and the linearity were evaluated. All obtained results together with the retention times of individual standards are summarised in the Table 1 . The LODs, estimated based on the "3:1 signal-to-noise (S/N) ratio" criterion, were found to be within 6.8-29.2 ng mL -1 for all studied compounds; the respective LOQs calculated as the S/N = 10 were then 22.7-97.2 ng mL -1 . For this purpose the USE extract of plant material without target analyte (i.e., Mentha rotundifolia L. for quercetin and Anthemis nobilis L. for all else antioxidants) was used as blank. The obtained results are in good agreement with the literature [21, 22] . The precision was evaluated for all target compounds and is expressed as relative standard deviation (RSD in %) of the LOQ determination performed in triplicate. The obtained results ranged from 8.65 to 11.45%. The linearity was tested for all compounds in the concentration range from LOQ -200 μg mL -1 and is expressed as the appropriate coefficient of determination (r 2 ).
PFE extraction -optimization
PFE conditions were optimised by the evaluation of the peak area of target antioxidants. The effects of solvent selection, extraction temperature and time and number of extraction steps were optimised. Based on our previous experiences the extraction pressure was set at 10 MPa without any optimisation. This pressure is adequate for the liquid state maintenance. For all experiments 1 g of dried sample was used as good compromise between the representative sample request and soluble capacity of used extraction solvents. At first, the selection of extraction solvent was performed. For this purpose three solvents (i.e., methanol, ethanol and acetonitrile) were tested at the temperature 100°C for the time period 2×5 min. The mixed herbal sample of undefined composition was used for these experiments performed in triplicates. The obtained results are displayed in Fig. 3 . As it can be seen the highest peak areas were observed in the case of methanol selection. Additionally, various methanol/water mixtures were tested as well (results not displayed), but the highest amounts of extracted antioxidants were obtained by the pure methanol. Therefore methanol was used for further experiments. During the temperature optimisation six different temperatures ranged from 50 to 100°C were tested. As another mixed herbal sample was used in triplicate, the dependency of target analytes contents on the extraction temperature is depicted on the Fig. 4 . The temperature 90°C seems to be a good compromise between increasing amount of rutin up to 100°C and decreasing value of quercetin after 80°C. In the case of esculetin and scopoletin no differences between 90 and 100°C were observed. According to these results 90°C was evaluated as suitable extraction temperature.
For optimisation of the time effect, another mixed sample was extracted in time periods: 3, 5, 7, 10 and 15 minutes. Fig. 5 shows that contents of all target compounds were increasing until the extraction time 10 min and after this period no relevant improvement was observed. Based on these results the extraction time 10 minutes was found to be sufficient for equilibrium establishment and according to that this time period was used for further extractions.
Finally, the optimum number of extraction steps was investigated. Based on the obtained results (not presented) two extraction steps were selected. In this case the second extraction step is important especially for the transfer of the remaining extract into the collection vial as well as for system clean up. If the third extraction step was included the undesirable dilution of analytes connected with the increasing solvent consumption were observed.
In summary, the optimised extraction conditions were finally established as follows: pressure 10 MPa, temperature 90°C, methanol as the extraction solvent, extraction time 10 minutes and two consecutive extraction steps. Comparison of pressurised fluid and ultrasonic extraction methods for analysis of plant antioxidants and their antioxidant capacity
USE method application
There are different factors that may affect the extraction process. Especially the selection of suitable extraction solvent and its volume, sample amount, extraction temperature and time are factors that should be optimised. Thus, it is crucial to perform the respective optimisation in order to obtain the good recovery strategy forms. Because this optimisation was already performed and published [18] , in this work only final extraction conditions are presented. So it was found that 0.75 g of sample, 50 mL of 30% acetonitrile in water as extraction solvent at 25°C for 25 minutes are suitable conditions for USE method.
Real samples results
Finally, both extraction methods under their optimised conditions were applied to the analysis of selected antioxidants in real samples of Solidago virgaurea L., Tables 2 and 3 for PFE and USE methods, respectively. For this part all extractions were performed in triplicate. Amounts of 5-methoxypsoralen and xanthotoxin in all analysed samples were found to be under the LOQ values. So these two compounds were removed from both tables because of their lucidity. The typical HPLC/ UV chromatogram for PFE extract of Solidago virgaurea L. is depicted on the Fig. 6 .
Antioxidant capacity of the real samples
Additionally, both extraction methods were compared by the evaluation of the antioxidant capacity as well.
To this purpose the method using reduction of free 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) was used. The values of antioxidant capacity were expressed as % of inhibited DPPH radical measured at 515 nm in triplicate. Obtained results are summarised in the Table 4 .
Comparison of used extraction methods
Finally, both extraction methods were compared in order to evaluate their advantages for the real sample analysis. There are several points of view that could be used for this comparison. First of all the applicability of different extraction solvents was compared. As it can be seen from the experimental part different extraction solvents for both compared extraction methods were selected. The main point of view was to obtain maximal contents of target analytes in herbal extracts. The best results for USE method were obtained using 30% acetonitrile in water as extraction solvent whereas the highest values were observed for the pure methanol in the case of PFE. Next, the qualitative results were compared. Based on the results presented in Tables 2 and 3 the same antioxidants were identified in all analysed plant samples. There are only two exceptions where additional antioxidants were found in PFE extracts contrary to the USE extracts -quercetin and esculetin in PFE extracts of Solidago virguarea L. and Artemisia vulgaris L., respectively. In this case PFE method seems to be more effective.
The next comparison was performed in relation to the quantitative results. The results obtained by USE and PFE extraction methods are a bit different. This Cont.
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[mg] Here, the analysis of appropriate certified reference material (CRM) should be performed but no appropriate CRM sample was found. In this case, the comparison of proposed methods with for example Soxhlet extraction as reference method seems to be useless. Finally, results obtained from both extraction methods were evaluated by the analysis of variance (ANOVA). By the results obtained from this chemometrics method (summarised in the Table 3 ) it was found that the differences of results between PFE and USE methods are mostly being significant (p < 0.05).
The final comparison was performed based on the antioxidant capacity results. As one can see from the Table 4 the values of DPPH free radical inhibition for USE are slightly lower than those obtained by PFE method. For the chemometric comparison of PFE and USE methods based on the analysis of antioxidant capacity the ANOVA method was applied as well. Results summarised in the Table 4 show that the differences between PFE and USE results are significant (p < 0.05) only in the case of four from the total ten results.
Conclusions
Antioxidant isolation and quantification were performed using the leaves of plants Solidago virgaurea L., Origanum vulgare L., Anthemis nobilis L., Plantago lanceolata L., Valeriana officinalis L., Lavandula spica L., Mentha rotundifolia L., Artemisia vulgaris L., Althaea officinalis L. and Salvia officinalis L. There were pressurised fluid extraction and ultrasonic bath extraction used to this goal. At first, these methods were optimised and then applied to the determination of selected antioxidants, such as esculetin, scopoletin, 7-hydroxycoumarine, rutin, xanthotoxin, 5-methoxypsoralen and quercetin. All obtained extracts were analysed by HPLC/UV method. Although some different results were obtained, these methods could be successfully used for antioxidants isolation from plants. This is due to the fact that for each method some advantage could be observed. More compounds were identified in PFE extracts whereas usually higher amounts of individual compounds were found in USE extracts. Based on our previous experiences the USE method could be advised for the isolation of various compounds from plant samples. The main reasons for this argument are the method simplicity, not expensive experimental equipment and low operational costs. For all extracts the antioxidant capacity was also determined and the method using reduction of the free DPPH radical was used. Slightly higher antioxidant capacity was observed for extracts obtained by the USE method.
